Dielectric layers are gradually being downscaled in different electronic devices like MOSFETs and magnetic tunnel junctions (MTJ) with shrinking device sizes. As a result, time dependent dielectric breakdown has become a major issue in such devices. In this paper we propose a generalized way of modeling the stress-induced leakage current (SILC) and postbreakdown current (PBC) due to time dependent wear-out of the dielectric layer. We model the traps formed in dielectric layer using Büttiker probe and incorporate the Büttiker probe self-energies in standard self-consistent nonequilibrium Green's function formalism in order to determine SILC and PBC. In addition, we have shown the impact of breakdown in the dielectric layer on the spin current and spin filtering characteristics of an MTJ. The proposed model is generic in nature. It can be extended from MTJs and conventional CMOS technology to any other devices with any type of single and multiple layers of dielectric material(s). Index Terms-Büttiker probe, hard breakdown, magnetic tunnel junction (MTJ), nonequilibrium Green's function (NEGF), soft breakdown (SBD), spin current degradation, stress-induced leakage current (SILC), time dependent dielectric breakdown (TDDB).
percolation paths. When electron is captured by a trap, the spin orientation of that electron is randomized [4] , [5] . As a result, the spin filtering efficiency of the MTJ starts degrading over time, eventually causing functional failures.
Postbreakdown (PBD) current-voltage (I -V ) characteristic primarily depends on the type of dielectric breakdown. If the PBD I -V characteristic is vastly different from its nobreakdown counterpart and follows Ohm's law [6] , the dielectric is said to have experienced a hard breakdown. On the other hand, soft dielectric breakdown is characterized by a power law dependence between PBD current and the corresponding voltage [6] . But in this case the increase in postbreakdown current (PBC) at low voltage is smaller compared to corresponding hard breakdown (HBD) current [6] . Over the past decade, a lot of research [6] [7] [8] [9] [10] [11] [12] focused on the breakdown characteristics/models of dielectric layers, especially for MOS devices. These models are mainly analytical in nature and can predict the breakdown behavior such as postbreak down I -V characteristics and the time to failure. However, the analytical models are not sufficient to predict the spin current degradation through MTJ due to dielectric breakdown. This is because the ferromagnetic layers can be either in parallel or antiparallel states ( Fig. 1 ) and the tunneling ferromagnetic resistance varies with the corresponding magnetization orientation (Fig. 2) . Moreover, the spin tunneling current varies a lot depending on the angle of magnetization of fixed and free layer in an MTJ (Fig. 2) . In addition, different ferromagnetic layers can have different exchange coupling energy and different band structures that play a significant role in determining the PBD MTJ characteristics. Therefore, it is evident that for reliable spin dependent current simulation, we need to explicitly consider both the up spin and the down spin band diagrams and the density of states of both the ferromagnetic magnetic contacts and the channel dielectric.
For modeling the PBD gate current-gate voltage characteristics, various theories have been proposed in the literature. They include variable range hopping (VRH) [10] , inelastic macroscopic quantum tunneling [11] , and quantum point contact (QPC) model [12] . In VRH theory, postsoft breakdown (post-SBD) current is modeled by an empirical equation. Therefore, every time the material or the dimension of the device is changed, one has to do a series of experiments to determine empirical parameters. Inelastic macroscopic quantum tunneling method defines the tunneling resistance as R −1 ti = ((4πe 2 )/ )|T i |ζ i ζ 0 [11] . Here T i is the tunneling matrix and ζ i and ζ 0 are density of states in the electrodes. This method cannot calculate the change MTJ current change due to dielectric breakdown because it does not consider spin up and down states separately. Also in this model, the breakdown current variation with temperature is modeled using a separate empirical relation. In our proposed nonequilibrium Green's function (NEGF)-based modeling, the effect of temperature is already built in the Fermi-Dirac distribution function (defined
Hence, there is no need to model temperature variation separately. In QPC model, the tunneling current is modeled using an analytical equation [12] . Note, however, this is not sufficient to model the spin-based tunneling current since it does not consider the spin dependent density of states. Another drawback of QPC model is that it using analytical equation: φ (T ) = φ 0 + ξ T , where ξ is an empirical fitting parameter. In our model, as stated earlier, we do not need to model temperature dependence using fitting parameters.
Analytical models do not account for spin-up and spin down states separately. Hence, with the generation of traps, the tunneling current increases at the same rate for both the parallel and antiparallel MTJ configurations. As a result, the decrease in parallel tunneling magnetoresistance (R P ) over time is identical to the decrease in antiparallel magneto-resistance (R AP ). Therefore, the tunneling magneto-resistance (TMR = (R AP − R P )/R P ), will increase with the generation of new traps leading to a wrong conclusion. Note, models available in literature are inadequate for reliability analysis of spin-current-based devices. Hence, we believe that quantum transport simulation considering the band diagrams of the contacts and channel is necessary for reliability analysis of MTJs.
In this paper, we propose a unified model for predicting the I -V characteristics of the dielectric layer due to formation of traps at different positions and at different energy levels. In the next section, we discuss our simulation framework and show how Büttiker probe [1] can be used to model the traps. We have shown that our model can predict the behavior of the dielectric layer after both soft and hard breakdowns. We have verified our model with the experimental results of PBD I -V characteristics of both conventional MOSFETs (with both single SiO 2 layer and HfSiON/SiO 2 multilayer as gate oxide) and MTJ. We also used NEGF formalism to calculate the spin current for both parallel and antiparallel states in order to determine the degradation of the tunneling magnetoresistance (TMR) due to the time dependent dielectric breakdown (TDDB) effect in MgO layer in MTJs. Finally, we have used the standard 3-D cell-based percolation model [8] to predict the MTJ lifetime.
II. PROPOSED SIMULATION FRAMWORK USING Büttiker PROBE
In this section, we first discuss some of the major attributes of trap-assisted tunneling. The capture cross section of a trap in a particular dielectric depends on its positon in the energy level [9] . A mid-bandgap trap has a relatively bigger capture cross section than the ones near the conduction band edge or in the conduction band [13] . Researchers usually measure it experimentally and we will use those experimentally measured values in our analyses. Another important thing to consider is the physical position of the trap. The physical position of a trap determines the distance that a carrier has to tunnel before being captured by the trap. Büttiker probe-based NEGF model can be used to determine whether a trap is surface trap or bulk trap by matching the PBD I -V characteristic.
In Fig. 3 , we have shown a schematic of both the physical position and energy level of traps for an example dielectric. A major characteristic of trap-assisted tunneling is the dephasing of the electron or hole when captured by a trap. Therefore, the tunneling probability and the dephasing of carrier need to be modeled simultaneously.
A. Modeling Traps With Büttiker Probe
Büttiker probes are virtual probes that absorb the carriers, dephase them, and inject them back into the channel. Trapassisted tunneling can be modeled using these Büttiker probes by placing one probe at each of the trap location. Similar to the trap-assisted tunneling, the carriers can tunnel from one contact to the probe and then from probe to another contact. In addition, the carriers can also tunnel from one probe to another. A Büttiker probe's self-energy matrix can be written according to corresponding trap's physical and energy level position and trap's capture cross section. Thus, a Büttiker probe can replicate the functionality of a trap. Fig. 4 explains the concept of Büttiker probes. In addition to Büttiker probes, there are two more contacts (left and right contact) attached to the dielectric channel. In case of MTJ, the left and right contacts are the two ferromagnetic layers, i.e., the fixed layer and the free layer [14] . For MOSFETs, these two contacts are the top metal or polysilicon layer and the bottom channel or the substrate layer. For both cases, as the channel is an insulator, the electrons mainly tunnel through the dielectric layer from one contact to the other.
Initially, we will describe the NEGF modeling of direct tunneling current. In order to do, we assumed that there are no preexisting traps in the dielectric layer. After application of a voltage across the dielectric layer, the Fermi functions at the left and the right contacts are f L (E) and f R (E), respectively. The current density can be written as [2] , [15] 
where G(E) is the conductance and q is the electron charge. G(E) is defined in [2] and [15] as,
is the transmission probability. The transmission probability depends on the retarded Green's function of the system and the self-energy matrices of the contacts. The retarded Green's function can be written as follows [2] , [15] :
where L and R are the self-energy matrices of the left and the right contacts, respectively. Therefore, the transmission probability between the left and the right contacts can be represented as [15] 
where G A is the complex conjugate matrix of G R . Here L and R are two quantities defined as [15] 
. † L and † R are the complex conjugate matrices of L and R , respectively. is a matrix that physically represents how easily carriers get in or get out of a contact [15] . The concept of Büttiker probe is embedded into NEGF formalism to model the trap-assisted tunneling. Let us assume that traps are formed at grid position 2 and 5 [ Fig. 4(a) ]. For modeling these two traps, we need to attach two Büttiker probes at those two grid points as shown in Fig. 4(b) . These probes absorb carriers and inject them back to the channel. As a result, there is no net current through these probes i.e., the current conservation law is followed.
Note that the electrons have multiple paths for going from the left contact to the right contact. Electrons can be captured by the trap at grid point 2, then recaptured by the trap at grid point 5 and finally escape through the right contact [ Fig. 4(b) ]. Also electrons can tunnel from left contact to either traps at grid position 2 or grid position 5 and then tunnel to the right contact [ Fig. 4(b) ]. Moreover, they can directly tunnel from left contact to right contact. Let us consider the first trap-assisted tunneling path. The corresponding tunneling transmission probabilities are T L2 , T 25 , and T 5R [ Fig. 4(b) ]. These tunneling paths are in series connection with one another and the tunneling transmission probability is proportional to conductance. Therefore, the total tunneling transmission probability of this path, T L25R can be written as
. If 2 and 5 are the self-energy matrices of the Büttiker probes attached at grid positions 2 and 5, then
In simple effective mass simulation, we have calculated the self-energy matrix of Büttiker probe as follows:
The self-energy matrix of Büttiker probes only contains imaginary terms. It ensures that unlike real contacts, there will not be any additional voltage drop due to virtual Büttiker probes. The corresponding Büttiker matrix can be defied as,
Here, a is the grid mesh size and t de is defined as, t de = (h 2 /(2m de ))a 2 where m de is the electron effective mass in the dielectric. V eff is the effective voltage at the trap position. When a voltage is applied across a dielectric layer the entire voltage can be assumed to appear and be uniformly distributed across that layer. Hence, the effective voltage at different trap positions is different. Effective voltage has a power factor α over it. The power factor appears because the current due to SBD of dielectric layer exhibits power law dependence on the corresponding voltage. Hence, for soft dielectric breakdown, α is greater than 1. However, when there is a HBD α is equal to 1. Therefore, when a percolation path is formed, the type of breakdown needs to be determined first and the α factor is tuned accordingly. Also, the value of α depends on the dielectric material and the capture cross section of the trap. For larger capture cross section α is larger. Here one thing worth mentioning is that this α is different from the voltage acceleration factor appearing in analytical equations for SBD (I ∝ V γ g , γ is called the voltage acceleration factor [16] ). Therefore, they may have different value.
In (5), k is the wave vector. It can be defined as
where ξ is a very small arbitrary energy. One thing worth mentioning is that except HBD we should not add the selfenergy matrices of Büttiker probes to the system Green's function. This is because Büttiker probes are artificial probes introduced for modeling. They are not the part of actual physical system. Hence, introduction of Büttiker probes should not disturb the system Green's function. But when there is a hard breakdown, the channel's transport characteristic is changed from tunneling to Ohmic conduction. Hence the system's Green's function is modified according to the following equation:
where 1 , 2 , . . . , n are the self-energy matrices of the Büttiker probes attached along the channel. From Fig. 4(b) , let us consider other trap-assisted tunneling paths. Electrons can be captured first by the trap at grid position 2 and then it can tunnel to the right contact. In this case the tunneling transmission coefficient 1
Similarly, as stated earlier, electron can travel from left contact to the trap at grid position 5 and then to right contact [ Fig. 4(b) ]. Hence, the tunneling transmission coefficient 1
where T L5 = Trace[ L G R 5 G A ]. Note, the electron can tunnel directly from left contact to right contact. Hence, there are a total of 4 paths for electrons to tunnel from left to right contact [ Fig. 4(b) ]. As all these paths are parallel, the overall tunneling transmission coefficient
The total tunneling current can be expressed as
The Büttiker probe is used to model the percolation path [ Fig. 4(c) ]. PBD I -V characteristic can be modeled in the same way by attaching Büttiker probe to all the trap locations along the thickness [ Fig. 4(d) ]. The carriers have many probable paths for trap-assisted tunneling. All the tunneling probabilities are calculated as describe earlier. Then they are added together to get the total transmission probability. In case of a MOS device, the channel region acts as the right contact [ Fig. 4(c) ]. Therefore, the potential profile in the channel region should be carefully modeled and mapped into the system Hamiltonian. Especially if a drain voltage is applied then the potential profile becomes asymmetric near the source and drain regions. In order to take that into consideration, we can divide the gate into small areas in which the potential profile can be assumed constant. The current through each of the small areas can be determined individually and integrated to get the total gate tunneling current. In addition, we need to consider the effect of flat band voltage and charge accumulation profile in the channel before and after inversion. If the dielectric layer consists of multiple oxide materials, potential profile in each of the materials needs be determined and included in the Hamiltonian accordingly. Using a similar approach, we can determine the spin current in an MTJ before and after the breakdown. The spin current density between two successive lattice points is defined as [17] 
where H is the system Hamiltonian and S is Pauli matrix. We need to determine the z-oriented spin current if we assume that both the fixed and free layers are pointing in the z-direction. One important thing is that the magnetic contact self-energy contains the exchange splitting energy, . But trap's electron capturing capability is independent of spin. Therefore, Büttiker probe self-energy matrix does not contain .
III. RESULTS AND DISCUSSION
In the dielectrics, stress induced traps due to high electric field eventually lead to formation of percolation paths. In this section, our proposed model is applied to calculate the stressinduced leakage current (SILC) due to the formation of multiple traps in HfSiON. It is followed by calculation of SBD and HBD currents in SiO 2 . The results are in close agreement with the experimental data. Then we consider the formation of percolation paths in MgO. We apply our simulation framework to calculate the PBD I -V characteristics and compare with experimental results. We have also calculated the TMR degradation in MTJ due to the formation of percolation 
A. Stress-Induced Leakage Current
Amorphous dielectrics are being used extensively in modern electronic devices. Moreover, these dielectrics are thin and exposed to very high electric field. Therefore, it is very important to analyze the effect of traps and point defects, both in the bulk and on the surface of these dielectrics. Traps can be either preexisting or they can form over time due to stress (electric field stress or temperature stress). Here we first analyze the traps formed due to stress from high electric field. We will show how to calculate the stress induced trap density using Büttiker probe simulation by matching poststress I g -V g characteristics. Then we will discuss the theory of calculating the preexisting defect density using our simulation framework. We have initially considered high-k metal gate oxide transistor with a defect free 1.8-nm HfSiON layer and 1-nm SiO 2 interface layer (IL). First, we have matched the pre-stress I -V characteristic with experimental data from [18] (root-meansquare error <5%, simulation parameters in Table I ). In order to create stress induced defects and observe SILC, a constant voltage stress is applied on this dielectric stack for a very short time [18] . The dielectric layer is quite thick and free of preexisting defects. Therefore, application of a stress voltage for a very short time will generate only a few traps. The work presented in [18] does not provide any information regarding the number of traps or their locations. The probability of [20] ) and (b) SiO 2 (similar to [21] ). Corresponding defect diameter distribution of (c) HfSiON and (d) SiO 2 .
stress-induced trap formation in a dielectric stack is higher at the interface of the two dielectrics [19] . Hence, in this case, we have assumed that the traps will form at the interface of HfSiON and SiO 2 layers. Regarding the energy level of the traps, we have considered the distribution [ Fig. 5(a) and (b)] as shown in [20] and [21] .
The capture cross section dimension of a trap depends on its energy level. The mid-bandgap traps of HfSiON and SiO 2 layers have capture cross section diameters of ∼1 [8] and 0.6 nm [8] , respectively. On the other hand, traps on the conduction band have zero capture cross section area since they do not contribute to trap-assisted tunneling. In thin oxides, most of the traps have their energy level distributed near the conduction band [20] , [21] (Fig. 5 ). Therefore, in thin dielectric layers, the capture cross sections of midgap traps to conduction band traps are assumed to decrease exponentially. The exponential function of decreasing capture cross section diameter is modeled as d = exp(−a). Here d is the capture cross section diameter of a trap and a is a fitting parameter which satisfies the previous statement. Depending on the energy level of a trap, the capture cross section distribution can be found from the exponential function [ Fig. 5(c) and (d) ]. One Büttiker probe is placed at each trap positions to calculate the poststress trap-assisted tunneling. The number of Büttiker probes at the HfSiON/SiO 2 interface and the acceleration factor α (6) are calibrated for the best match with the experimental data. The parameter α depends on the capture cross section diameter of the corresponding trap. α is bigger for the trap with larger cross section. For HfSiON, α is calibrated to be between 10 and 11 while for SiO 2 , α is distributed between 1.5 to 1.9. We have found that for a trap density of 1.5 × 10 19 /m 3 at the HfSiON and [18] and simulation). The root-mean-square error is less than 5%. SiO 2 interface, the calculated SILC matches best with the experimental data ( Fig. 6 ). Thus, using the Büttiker probe method, we can determine the stress induced trap density.
The preexisting defect density in the oxide layer can be determined in a similar way. Prestress defect free I -V characteristic for a different sample of HfSiON/SiO 2 dielectric stack (same or different dimension) can be determined form the same NEGF simulation framework.
Let us assume that experimentally observed current is larger than simulation value at all voltages for the new device. This extra current is coming from preexisting trap-assisted tunneling. For introducing this trap-assisted tunneling into NEGF simulation framework, we need to include one Büttiker probe at each defect position. The number, positions and selfenergies (i.e., value of α) of these probes are calibrated in the simulation framework for matching the experimental I -V characteristics. From the number of Büttiker probe needed in simulation for matching the prestress I -V characteristics, we can calculate the preexisting defect density.
B. SiO 2 Soft Breakdown
It has been experimentally observed that the SBD in dielectrics is characteristically different from the HBD [6] . In case of soft dielectric breakdown, the PBC shows comparatively smaller increment from the pre-breakdown value and follows power law. SBD can be modeled with our proposed Büttiker probe by attaching probes to all grid points along the breakdown path [ Fig. 4(d) ]. The shape of the breakdown path (how many traps line up to form the percolation path) can be determined by the percolation theory. The energy levels of the traps are assumed to have Gaussian distribution from conduction band edge to 3 eV inside the bandgap [ Fig. 5(b) ] [21] . If we tune the power factor α in (5), we can get excellent matching of PBD I -V characteristics. In [12] , the post-SBD I -V characteristic in a MOS capacitor (Poly-Si/SiO 2 /Si system) has been experimentally demonstrated. While benchmarking this simulation, we have observed that most of the traps have the power factor α = 1.7. Few traps have α near 1.5 and these traps can be assumed to be close to the conduction band [ Fig. 5(b) ]. These traps have lower capture cross section and contribute less toward tunneling. While few other traps have α near 1.9 and these traps can be assumed to sit a bit deeper (close to mid-bandgap) in energy diagram. These traps have bigger capture cross section and contribute more toward tunneling. Applying these values of α, we have seen excellent match between our simulation result and the experimental observation [shown in Fig. 7(a) ]. Simulation parameters are listed in Table I .
C. SiO 2 Hard Breakdown
Hard breakdowns mainly occur in thick dielectrics [6] because of high gate voltage. It can also happen in thin dielectrics if the electric field stress is very high. A HBD can be easily separated from a SBD by the huge change in PBD current and the Ohmic nature of the PBD I -V characteristics (the power factor α = 1). In this case, the system's retarded Green's function will be constructed according to (7) . In [22] , post-HBD I -V characteristic is shown for a MOS capacitor with 2.2-nm thick SiO 2 . In Fig. 7(b) , we have shown both the [24] and from our simulation framework. (Root-mean-square error is less than 2%.) experimental and simulation data before and after the HBD (simulation parameters are listed in Table I ). It is evident that after the hard breakdown, the gate leakage current increases by several orders of magnitude but the increase of current with voltage is almost linear.
D. MgO Soft Breakdown
MgO is a mid-κ dielectric with a low Weibull slope [23] . It has gained popularity due to its excellent spin current filtering capacity. Hence it has become the prime choice for fabricating MTJ. In [24] , a post-SBD I -V characteristic of 1-nm thick MgO in an MTJ is reported. The MTJ stack is comprised of CoFeB/MgO/CoFeB. It was observed in [25] that the SILC activation energy of MgO (0.37 eV) is quite high (compared with HfO 2 [26] ). Therefore, although the bulk trap has large capture cross section (∼0.9 nm [23] ), in a very thin MgO layer, the trap energy levels are distributed near conduction band edge ( Fig. 8(a) ). As a result, the trap capturing cross section will be much smaller than the bulk value like other dielectrics.
Considering this fact, we have calibrated the post-SBD I -V characteristics with the experiment [24] (Fig. 8(b) ). Most of the traps have the power factor α to be equal to 9. Traps energy level distribution is again assumed to be Gaussian, distributed from the bottom of conduction band to 2.5 eV inside the band gap. Most of traps are assumed to be at an energy level of 1.25 eV. Very few traps near the conduction band have α to be around 8.5. Few traps deep inside the bandgap have α to be around 9.5.
Breakdown in MgO layer has a significant impact on the MTJ characteristics. Due to breakdown, the % TMR decreases significantly. This is because the parallel TMR (R P ) is mainly dominated by the exchange splitting energy, of the magnetic contacts (shown in Fig. 1 ). For parallel configuration, huge exchange splitting allows the majority of spin to tunnel easily through the energy barrier created by MgO layer. The formation of a percolation path does not affect this process significantly. Hence, R p does not change significantly due to breakdown. But for the antiparallel configuration this exchange splitting energy opposes spin tunneling. Therefore, a percolation path significantly decreases the antiparallel TMR (R AP ).
In Fig. 9(a) , we have shown the pre-and postbreakdown parallel and antiparallel TMR (R p and R AP , respectively) of a CoFeB-MgO-CoFeB MTJ with 1 nm thick MgO layer (same structure as shown in [3] ). Also, the corresponding degradation in TMR is shown in Fig. 9(b) . We can observe that R AP decreases at a much faster rate than R P .
The reason of %TMR degradation after breakdown can be attributed to the spin independent nature of the dielectric traps [4] , [5] . Traps inside the MgO layer helps tunneling Weibull plot of MgO for first and third breakdown. First breakdown data is calibrated with experiment [25] using percolation model and based on the calibrated data; Weibull plot for third breakdown is plotted at a stress voltage of 1 V.
irrespective of electron spin. When an electron is captured by a trap its spin properties get randomized. The spin wave function of an electron in a trap can be represented as
where a z+ a * z+ , a z− a * z− , |u z+ and |d z+ represents the spin polarization probability and spin basis vector (spinors) along +z and −z axis, respectively. These two spinors can represent spin pointing at any direction. In a trap it can be assumed that these two probabilities are equal i.e., a z+ a * z+ = a z− a * z− . Therefore, the spin filtering efficiency of the MgO layer is expected to go down after the formation of traps and percolation paths. Fig. 9(b) shows the TMR degradation of an MTJ operating at different voltages. If the MTJ operates at 1 mA (V ∼ 0.6 V), we observe that the TMR goes down by about 25% after one SBD. Therefore, 3 to 4 SBDs in the MgO layer can cause functional failure of the MTJ.
In order to estimate the lifetime of MTJs, we have implemented a 3-D cell-based percolation model [8] and calibrated the Weibull distribution after the first breakdown with experimental data [25] . The simulation is done using 1000 sample MTJs. Then the Weibull plot for third SBD is drawn ( Fig. 10) using data from the percolation model. We can see that 1% of the MTJs suffer third SBD after 0.03 s for a stress voltage of 1 V. As the MgO area in [25] is different from our simulation, we need to do area scaling using standard area scaling formulation [7] . After area scaling, we have found that 1% of the 1000 MTJ samples have third SBD after 0.0631 s at stress voltage of 1 V. For determining the device lifetime at operating voltage, we need to do voltage scaling. For voltage scaling we have used the following equation [7] :
where γ is the voltage acceleration factor (value in Table I ).
We can see that at operating voltage of 0.6 V, 1% MTJs in 1000 sample MTJs will have third SBD in almost 24 years. Therefore, we can draw the conclusion that MgO-based MTJs have comparatively much longer lifetime than standard CMOS devices. However, it would be better if our simulation framework can be verified for some other MTJ samples.
IV. CONCLUSION
In this paper, we have presented a Büttiker probe-based PBC model for dielectric materials. The proposed method is flexible, can be applied to a wide range of dielectric materials, and has shown excellent potential for TDDB analysis. The simulation framework shows very good match with experimental data for any type, shape, and size of dielectric. In addition, it has the flexibility to model traps formed at any position. It is physics based, close to atomistic simulation model, yet does not consume much computational resources. Most importantly, it can predict spin current and TMR degradation in MTJs that cannot be done with conventional TDDB models.
